Introduction and Investigation Objectives
The
Ranging Function
MOLA measures the round-trip time of flight of individual laser pulses between the MGS nadir deck and the Martian surface or atmospheric layers. When the laser fires, a small fraction of the output laser energy is coupled to a PIN photodiode through a multimode optical fiber and starts the TIU. Every 14 s, the laser trigger pulse is time stamped with respect to the MGS spacecraft time so that the location of the laser spot on the Martian surface can be reconstructed. The time stamps have a resolution of 1/256 s.
The backscattered laser pulse is only detected and recorded within a range gate, within which the surface return is expected. The purpose of the range gate is to minimize the effect of noise due to backscattered solar photons at the laser wavelength. The width of the range gate is adjustable between 20 and 80 km via an onboard algorithm and reduces to its minimum once the instrument locks onto the surface. The telescope serves as a photon bucket for the laser pulses scattered by terrain or clouds. The SiAPD detector outputs a voltage proportional to the rate of returning photons that have been backscattered from the Martian surface or atmosphere. When this voltage exceeds the detection threshold, the TIU is stopped and the round-trip time of flight is recorded. A separate circuit measures the pulse width that can be used to correct for range walk associated with the leading edge timing.
After passing through the SiAPD detector, MOLA's returned signal is amplified and subsequently passed through a parallel bank of four five-pole Bessel filters (Table 2) . These filters increase the probability of detection by match- ing returned pulses that have been spread in time by surface roughness within the sampled footprint or scattering by atmospheric particulates. The filter whose impulse response provides the closest match to the received pulse shape gives the highest output signal to noise ratio. However, the instrument records the laser pulse time of flight from the filter that exceeds the detection threshold and has the shortest propagation delay (i.e., the narrowest impulse response pulse width). So the filter that triggers need not be that best matched to the range spread produced by RMS surface roughness measured by MOLA's pulse width (see next section).
The detection threshold in the receiver electronics is continuously adjusted by software, such that the false alarm rate within the range gate interval is at or below the desired level of 1% [McGarry et al., 1991] . As in a radar receiver, this detection scheme maximizes the probability of detection while keeping the false alarm rate under an acceptable level. The probability of making a successful range measurement (Pmeas) is expressed [Zuber et 
where Pdet is the probability of detection and Pfa is the probability of a false alarm. The receiver design and flight software that enabled autonomous threshold adjustment in MOLA are in contrast to the designs of the Clementine 
where c is the vacuum speed of light. The vector difference between the radial distance to the spacecraft from the planetary center of mass and the range to the surface provides the radius of Mars at the location of the laser spot on the surface. Equation (2) neglects the effect of the atmospheric path delay, which is only a few centimeters on Mars due to the thin Martian atmosphere. In the MGS mapping orbit the instrument's sampling rate combined with the laser beam divergence (cf. 
Footprint-Scale Slopes and Surface Roughness
The width of MOLA's backscattered laser pulse, measured at detection threshold crossings, provides a measure of the target height variance or relief. The pulse spreading contains contributions from both footprint-scale slopes and root-mean-square (RMS) roughness within the footprint. If it is assumed that pulse spreading is solely a consequence of footprint-scale slope, 0, then the relationship between slope and the RMS width, a,,, of the backscattered pulse is [Gardner, 1982] In most areas of Mars, the spreading of the optical pulse is dominated by roughness rather than local slope [Garvin et al., 1999] . In such cases the width of the backscattered pulses can be used to derive roughness by correcting the returned pulse for local slopes determined from MOLA ranging [Garvin et al., 1999] . This approach has been verified from study of returned pulse widths measured for terrestrial desert surfaces by the Shuttle Laser Altimeter (SLA) [Garvin et al., 1998 ], which has a receiver design nearly identical to that of MOLA. Note that because the pulse width parameter is an RMS value it does not fully represent the possible local extremes of small-scale roughness.
During the initial months of the MGS global mapping mission (March 1999 to late June 1999) the received signal was unexpectedly strong, which caused saturation in the measured pulse width and area. As a consequence, resulting measurements of pulse width and pulse energy (discussed later) were unusable due to corruption of their absolute magnitudes. By raising the threshold setting for channel 1 (the channel with the shortest propagation delay) on July 2, 1999, the percentage of saturated shots decreased and more robust measurements of pulse width became possible. Since that time, the behavior of the calibrated optical pulse width parameter has been tracked and is reproducible at the 10% to 20% level in places where there are abundant crossovers, such as in high-latitude regions. MOLA range data are classified semiautomatically into ground and nonground returns using a stochastic tracking algorithm, followed by manual editing [Neumann et al., submitted manuscript, 2001 ]. If three or more non ground triggers have occurred within a 0.5-s window, or 6 or more in a 6-s window (-,•20 km on the ground), a nonground trigger is deemed to be a reflective "cloud," since the probability of such groups occurring by chance due to noise alone is 0.001%. Nonreflective clouds also occur and are characterized by groups of 2 or more shots in a 2-s window that do not trigger on any channel, or by average reflectivitytransmittance product (as described in section 3.5) being less 
Surface Reflectivity
The reflectivity of Mars, rMars, at the laser wavelength is determined from the ratio of received to transmitted laser energy, corrected for distance and the Lambert reflection law.
The energy of the outgoing pulse, Etrans, is sampled with a PIN photodiode, a charge-to-time converter, and an 8-bit counter. The energy of the received pulse, Erec, is derived from the measured pulse width and area under the curve between two threshold crossings.
The relationship between rMars and the ratio of the received/transmitted pulse energies is expressed by rearranging the laser link equation as [Abshire et 
Op
where Op is the returned signal enhancement due to the opposition effect [Hapke et al., 1998 ]. In using TES data a scaling factor must be applied to correct the TES 9-/•m dust opacity to the MOLA wavelength of 1.064 ttm. The scaling of dust opacity in the infrared to the MOLA wavelength may contribute up to 20% of the error in the measured surface reflectivity [Ivanov and Muhleman, 1998 ].
Atmospheric Opacity
If there is an independent estimate of the reflectivity of terrain in areas where MOLA has ranged, then the MOLA reflectivity measurement can be used to provide an estimate of the 1.064-/•m opacity, ratre, of the Martian atmosphere. The opacity can be expressed [Ivanov and Muhleman, 1998] Tatm ----• In . In rebuilding the instrument (MOLA 2) for MGS, minor changes were implemented in order to reduce risk, several of which coincidentally also increased performance. The laser power-on sequence was modified in order mitigate a turnon transient and protect optical coatings from damage. Improvements in the laser diode fabrication process allowed selection of diodes that provided maximum pulse energy over a broader temperature range than MOLA 1. The sampling of the start pulse energy was redesigned in order to measure 95% cross-sectional area of the output laser beam. This change enabled the 1.064-/•m measure of surface reflectivity to improve from 20% in MOLA 1 to •5% in MOLA 2. A trailing-edge detector was added so that the returned pulse width could be measured more reliably and with much finer resolution than with matched filters (Table 2) . Finally, three delay lines were added to the TIU so that a clock cycle could be encoded at quarter-cycle intervals. This addition improved the range resolution from 1.5 m to 37.5 cm. Precision spacecraft orbits were determined using the Orbital crossover analysis is a method for using altimetry as an observation type for nontopographic purposes. Crossovers are locations on the surface of a planet where the groundtrack of an orbit crosses over a previous track. At these locations a measure of the radius of the planet is ob- 
Geodetic Corrections

Laser Performance
The postlaunch performance of the MOLA laser is consistent with the most optimistic expectations based on prelaunch testing. The performance is particularly significant considering that the instrument was operated in an un- Even in the absence of mechanical and electrical problems and with nominal operating conditions, lasers of all kinds experience a degradation in performance with time. For solidstate lasers like that in MOLA, laser energy is expected to decrease with usage due to failure of laser diodes [Afzal, 1994] . As illustrated in Figure 2 , the MOLA laser has experienced several discrete decreases in the output energy during its operation in Martian orbit. Decreasing laser energy was anticipated and factored in to MOLA's design, though prior to MOLA 2 it was expected that energy would fall off as a smooth exponential fashion rather than in discrete steps [Zuber et al., 1992; Afzal, 1994] MGS implemented the science phasing orbits (SPO) between April and September, 1998 [Albee et al., 1998 ]. These science data-collecting orbits were undertaken to allow the originally planned 0200/1400 UT equator-crossing times to be achieved in the MGS circular mapping orbit. The SPO had a period of 11 hours 37 min and an approximate periapsis altitude of 170 km that allowed •25 min of laser ranging each orbit. During SPO 1 and 2, with the numbers corresponding, respectively, to periods before and after solar conjunction, MOLA collected over two million elevation measurements of Mars' northern hemisphere. The SPO orbits lasted until mid-September 1998, but MOLA was turned off on August 1 to avoid excessive power cycling of the laser, an operation mode that had not been planned for in the instrument design.
MOLA Deepest basin in northern hemisphere. There is possible evidence for a temporal dependence to surface roughness. The pulse width measurements used in Plate 5 were obtained during southern winter, and the high roughness values on the south polar cap may be at least in part due to the presence of CO2 frost or snow. However we do not rule out data issues such as might occur when using unsaturated pulse widths but saturated pulse energies. Further analysis is underway.
Impact Craters and Basins
Major basins. MOLA data have established the
Hellas impact structure (Plate 6) as the deepest known topographic depression in the solar system, with relief of over 9 km (Table 5) Figure 6) and flows [Head, 1998; Smith et al., 1999b] . Measurements such as absolute heights, relief, and volumes (cf. Table 5  and Table 8) The other basins are Hellas, Argyre, and Solis Planum, all in the southern hemisphere. Hellas is much smaller in area than the northern plains, but its great depth gives it a volume that approaches that of the much shallower northern basin, though volume ultimately depends on the amount of water available for fill. The highest closed contour of the Hellas drainage basin is 1250 m, at which level it breaches into the Isidis basin and into the northern lowlands. However, Hellas' drainage area is relatively small. The volume of Argyre is only 8% that of Hellas, but its drainage area is about half as large. Argyre's watershed breaches into Chryse Planitia through a well-developed set of flood-carved channels that may have removed a significant volume of surficial material b(87.1362øS, 348.116øE).
•Above -4650 m.
a Above 1750 m.
•The total volume is assumed to be the topography above the basal surface plus the material filling the flexural depression calcu- Figure 7) . The relief of the southern polar cap is comparable to that of the northern cap (Table 10 ).
The topography indicates that the area of probable ice-rich material greatly exceeds the region of residual ice that is apparent from images. This conclusion is based first on the existence of distinctive plateau regions that correlate with layered terrain units, as would be expected if the layers were deposited on cratered terrain [Vasavada and Herkenhoff, 1999] . Unlike the situation in the north, a well-defined gravity anomaly correlates with the southern layered deposits, indicating that the southern layered terrains are uncompen- 
